ABSTRACT The mechanism of formation of various peptide hormones in neuronal cells in the brain is not clear. The question of whether brain angiotensin II is formed by an extracellular mechanism as in the peripheral system or by an intracellular mechanism can be answered by using cloned cells in culture. We have screened several neuroblastoma cell lines of rat and mouse origin and found at least three cell lines that contain renin (EC 3.4.99.19), angiotensin-converting enzyme (dipeptidyl carboxypeptidase; peptidyldipeptide hydrolase, EC 3.4.15.1), and angiotensins I and II. This finding was interpreted to indicate that in these cells angiotensin formation takes place by an intracellular mechanism, in contrast to the extracellular mechanism well known to occur in plasma. This study also demonstrates the existence of viable and cloned cell lines that produce renin.
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Many polypeptide hormones originally discovered in peripheral tissues are also present in various regions of the brain. The nature and localization of the enzymes involved in the processing of prohormone to hormone in the brain have not been established. Angiotensin II, apotentvasoconstrictoroctapeptide, has been found in various regions of the brain (1) (2) (3) (4) . The presence of its receptor in the brain (5, 6) and multiple physiological responses elicited by centrally administered angiotensin II (7) (8) (9) (10) (11) (12) indicate a direct effect of this hormone on neuronal function. Although the extracellular pathway of angiotensin formation in the circulation is well established, the intracellular localization of angiotensin II in the brain (1) (2) (3) (4) suggests that the pathway in the central nervous system may be different from that of the periphery.
The first step of angiotensin formation in the periphery is mediated by the circulating enzyme renin (EC 3.4.99.19) . In the central system, demonstration of specific renin in brain extracts by affinity chromatography has established that the reninlike activity (1, 2) is indeed due to specific renin (13) rather than a nonspecific action ofcathepsin D (14, 15 (16) (17) (18) . However, this enzyme is present on the luminal aspect of the vascular endothelium throughout the body (19, 20) , and the existence of the enzyme in brain parenchyma has not been demonstrated unequivocally. Whether angiotensin II is formed intracellularly in cells producing both renin and angiotensin-converting enzyme, in different types ofcells containing these enzymes separately, or by an extracellular pathway has not been clarified. It is difficult to answer such questions by experiments using brain tissue, which contains various cell types as well as blood and vascular tissue. In order to resolve these problems, we have screened several cloned neuroblastoma cell lines for the existence of renin, angiotensins, and angiotensin-converting enzyme.
Experimental results favoring an intracellular mechanism of angiotensin formation in these cloned cells were obtained.
MATERIALS AND METHODS
Neuroblastoma Cells. Established neuroblastoma cell lines used were B82, B103 (21) , and RT4E4 (22) of rat origin, and Neuro-2a (23), NB41A3 (24) , and N4TG1 (25) derived from mouse neuroblastoma C-1300. Cells, except for NB41A3 cells, were cultured in Dulbecco's modified Eagle's medium containing 12.5% horse serum and 2.5% fetal calf serum until confluency (4-10 days). NB41A3 cells were cultured in Ham's F-10 medium with additions of horse and fetal calf serum to the same concentrations. Twenty-four hours prior to harvesting the cells, media were changed to serum-free solutions. Rat neuroblastoma cells were detached from culture flasks with 1 mM EDTA, washed twice with the serum-free medium, suspended in water containing a mixture of 1 mM diisopropyl phosphorofluoridate (iPr2P-F), 1 mM Captopril (an angiotensin-converting enzyme inhibitor; Squibb, leupeptin at 5 jig/ml, and 5 mM EDTA and lysed by five cycles of freezing and thawing. Insoluble pellet fractions, separated from lysate by centrifugation at 800 x g for 15 min, contained large proportions of renin and angiotensins. For complete solubilization, treatment with the detergent Triton X-100 (0.1%) was used in addition to the freezing and thawing.
Mouse cells were detached from culture flasks by 5-min treatment with 0.25% trypsin containing 1 mM EDTA, washed twice with serum-free media containing 2.5% soybean trypsin inhibitor, and treated identically as rat cells.
For the assay of angiotensin-converting enzyme, rat and mouse cells were treated in a similar manner as above with 0.25% trypsin but without EDTA. Cells were lysed in 0.1 mM phenylmethanesulfonyl fluoride. The detergent Nonidet P-40 was used instead of Triton X-100. Insoluble fractions were also separated as above.
Enzyme Assay. Aliquots of cell lysate and the detergenttreated cell pellet fractions were used for renin activity assay. The solutions were incubated for 6 hr at 37°C in 0.2 M sodium maleate buffer, pH 6.0, containing 5 mM phenylmethanesulfonyl fluoride, 10 mM EDTA, and 0.1% neomycin sulfate, using the plasma of bilaterally nephrectomized rats as substrate. This reaction was stopped by heating in boiling water for 10 min, and generated angiotensin I was determined by radioimmunoassay (26) . As a control for interference by nonspecific renin-like acAbbreviation: iPr2P-F, diisopropyl phosphorofluoridate. 6940
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. tivity of cathepsin D (14, 15) , parallel experiments were performed with the extract preincubated with specific antibodies to pure rat (27) and mouse renin (28) at 1:10,000 dilutions for 16 hr at 40C. At this dilution the antisera were found to inhibit 10 ng of renin completely, but not cathepsin D. The pure rat and mouse renin used for producing the antibodies were shown to satisfy multiple criteria of purity (27, 28) . The antibody to mouse renin was shown not to crossreact with renin of other species (28) . The antibody to rat renin was shown to give a single precipitin band by Ouchterlony immunodiffusion, and does not crossreact with human renin (unpublished results). The pH dependence of renin activity was determined in a similar manner, using the following buffers at 0.2 M: sodium acetate for pH 3.0-5.0, sodium maleate for pH 5.0-6.5, sodium phosphate for pH 6.5-7.5, and Tris HCl for pH 7.5-8.5. Angiotensin-converting enzyme activity was determined by a modification ofthe method ofDePierre and Roth (29) . Sample solutions were incubated with the synthetic substrate hippurylHis-Leu for 30 min at 37°C in 0.4 ml of 50 mM phosphate/50 mM borate buffer, pH 8.0, containing 0.2 M NaCl. The extent of the hydrolysis of the hippurylhistidyl peptide bond was determined by fluorometric assay using o-phthalaldehyde (29 Table 1 . These results were obtained with extract from cells treated with the combination offreezing and thawing and with 0.1% Triton X-100. Two mouse neuroblastoma cell lines (NB41A3 and Neuro-2a) showed high levels ofrenin activity that could be almost completely inhibited by specific antibodies to mouse renin. N4TG1 cells, which were also derived from C-1300, showed much lower but measurable renin activity than did NB41A3 and Neuro-2a. Low but demonstrable levels of renin activity were present in rat neuroblastoma cell line B82. A lower renin level was observed in RT4E4. Large parts of the renin activity (30-60%) were inhibited by specific antibodies to rat renin, indicating that the activity is not due to nonspecific action of cathepsin. B103 cells grown, harvested, and lysed under identical conditions did not show detectable levels of the antibody-sensitive renin activity. Experiments using separated cell lysate and pellet fractions, as prepared by five cycles of freezing and thawing, showed that the enzyme activity was present not only in the cell lysate but also in the pellet fraction (40-75% ofthe total activities in whole cells), from which it could be released only after the treatment with 0.1% Triton X-100. Repeated washing of the pellet with the buffer did not release this form ofrenin, indicating the possibility of the presence of a membrane-bound form of renin. In contrast to the intracellular localization of renin, the serum-free culture media showed little renin activity.
The pH profiles of renin activity in the extracts of mouse neuroblastoma NB4IA3 and Neuro-2a showed optima between pH 6.5 and 7.5 ( Fig. 1 ), in agreement with that of hog brain renin (32) , again demonstrating the characteristic renin pH profile rather than acid pH optima attributable to the nonspecific renin-like action of cathepsin D (14, 15) .
Angiotensins. Renin-producing cells showed low but readily immunoassayable levels ofangiotensin I (Table 1) , which could be identified by thin-layer chromatography as shown by an example in Fig. 2 with Triton X-100. These observations suggest that much of angiotensin II may be stored in a membrane-bound or vesicular form.
Angiotensin-Converting Enzyme. Angiotensin-converting enzyme-like activities determined by using a synthetic substrate are shown in Table 2 . The total cell activities represent the sum of those in the detergent-treated cell pellet and cell lysate. Greater portions (60-80%) of the total activity were detected in the pellet fractions after treatment with Nonidet P40, consistent with a membrane-bound form of the enzyme. Repeated washing without the detergent was not effective in releasing the enzyme from the pellet. RT4E4, Neuro-2a, and NB41A3 showed detectable levels of the converting enzyme activity, whereas the activity levels of other cell lines were very low. Potent inhibition of the hippuryl-His-Leu hydrolyzing activity was observed in the presence of 2.3 mM EDTA or with 12 nM Captopril, a specific inhibitor of angiotensin-converting enzyme. A strong dependence of the enzyme activity on chloride ion concentration was observed (Table 2) .
DISCUSSION
The present study shows that some ofthe cloned neuroblastoma cell lines contain both renin and angiotensin-converting enzyme and continue to produce these enzymes even after many passages. Furthermore, intracellular presence of angiotensins I, II, and III was also demonstrated in these cells. These findings indicate intracellular formation ofangiotensin II/III in the neuroblastoma cells. This is in contrast to the peripheral system, in which angiotensins are formed by an extracellular mechanism in plasma. Thus, the present study demonstrates a hitherto unrecognized mechanism of angiotensin formation.
Intraneuronal localization of angiotensin II/III was demonstrated in various regions ofthe brain (3, 4) . Many other peptide hormones have also been found in neuronal cells. The mechanism of intraneuronal synthesis of these peptide hormones originally discovered in various peripheral tissues was not clear. Although neuroblastoma cells are not normal neuronal cells, mouse cell lines and rat cell lines used in this study possess characteristics of differentiated neuronal cells (20) (21) (22) (23) and may be considered as models of renin-containing neuronal cells. Thus the present study suggests that similar mechanisms involving highly specific proteases or peptidases for the conversion of prohormones to active hormones may be functional in various neuronal cells containing these peptide hormones. Failure to observe extracellular renin in appreciable quantity in C Proc. Nad Acad. Sci. USA 78 (1981) Cell Biology: Okamura et al culture media is compatible with the intracellular mechanism.
That some ofthe cell lines such as B103 did not contain renin or angiotensin-converting enzyme can be taken as a control to show that the cellular renin activity is not due to entrapment ofsmall amounts ofrenin from calfand horse sera used in culture media. This view is further strengthened by the finding that renin activities in mouse neuroblastoma cell lines are inhibited almost completely by the antibody, whose immunoreactivity has been shown to be species specific to mouse renin. A large variation in renin activity noted among the various cell lines presumably reflects a difference in the capacity for endogenous synthesis of this enzyme in different types of neuronal cells.
The strong requirement for chloride ion of the angiotensinconverting enzyme-like activity and its potent inhibition by 12 nM Captopril confirm that the activity measured was indeed angiotensin-converting enzyme. Enkephalinase A (33), another dicarboxypeptidase, would not be inhibited by this concentration of Captopril (34) and is inhibited by chloride ion (33) . Furthermore, the presence of 50 mM potassium phosphate in the incubation buffer would have inhibited any enkephalinase that was present (33) .
The observations that large proportions ofrenin, angiotensin II, and angiotensin-converting enzyme were present in the pellet fractions and were not released by repeated washing without detergent suggest their localization in particulate organelles or bound to plasma membranes. In this preliminary study we have not attempted to identify the type of organelles or membranes containing these components of the renin-angiotensin system. However, because all the components are located in the same cell, it is reasonable that these enzymes and peptides are compartmentalized for the reaction to proceed in a regulated manner.
The question may be asked whether angiotensinogen is present in these cells in measurable quantities. The presence of renin makes the measurement difficult without technical refinement.
These neuroblastoma cell lines are the only cloned cell lines identified to date as containing or producing renin even after numerous passages. Further studies on these cells will yield valuable information on production and processing ofrenin and angiotensins because these lines may be considered as models of neuronal cells.
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